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\ b s t r a c t  T he  D eep  River  neutron  m onito r ing  data  has been harmonically  analysed for the period l<)64-05 covering three solar cycles
21, 22  and 23 for lo ok ing  the long te rm  trend and the effect o f  polarity reversal o f  solar magnetic  Held on the semi-d iurnal amsoiiopy o f  cosmic 
ray intensity  on gcom agnet ica l ly  quie t  days 3‘he phase  o f  semi-d iurnal anisotropy has signif icantly  sh il led to carlici hours  during  IOo7, 1077. 
1981-82, 1990-91 and 1995 However,  the  phase  shows a shift to later hours duiing  1964, 1979 and 1986 fh e  average ari isotrop\ \co lo rs  for 
the periods o f  negat ive  polari ty  o f  solar poloidal m agnet ic  field in northern  hemisphere  during  the period 1964-70 and 19Xl-0() sh il led to later 
hours, whereas ,  d u r ing  posit ive  polari ty  o f  solar poloidal  magnet ic  lield in northern  hemisphere  l e , during  1971-79 and 1992-95. it shifted 
to earlier hours  sh o w in g  the dependence  o f  the  scmi-diu rna l anisotropy on the polarity o f  solar poloidal m agnetic  field, which is at tr ibuted to 
drift effects
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1. In tro d u c tio n
Cosmic ray (C R ) intensity exh ib its  a da ily  varia tion  o f  
extraterrestrial o rig in  [1 ] composed o f  a prom inent d iurnal 
component and also a sem i-diurnal component o f  lesser 
am p litude . T he  e x is tence  o f  CR a n is o tro p y  in the 
in te rp lane ta ry  m ed ium  is d ire c t consequence o f  the 
modulation produced by the Sun. Studies o f  the solar semi­
diurnal va ria tion  have been made by many authors [2 ] to 
obtain in fo rm a tio n  about so lar m odu la tion  in various 
conditions o f  heliosphere.
A h luw a lia  [3 ] has found the sem i-d iun ia l varia tion  to be 
more prom inent at equatoria l locations. The dependence o f  
the sem i-d iurna l va ria tion  on the median asym ptotic latitude 
( ^ , )  o f  v iew ing  o f  the detector is given by cos^Am, independent 
o f the p rim ary  r ig id ity  [4 ]. A b ies et al [5 ] pointed out that 
the d irection  o f  m axim um  o f  the sem i-d iurna l component in 
free space is nearly perpendicu lar to the average d irection 
^ f  the interp lanetary m agnetic fie ld  ( IM F ).
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Various CR anisotropies arc found to depend on the solar 
magnetic fie ld  orientation, which extend in the interplanetary 
space, embedded w ith in  by the solar w ind, in turn affecting  
the po la rity  configura tion  o f  interplanetary magnetic fie ld  
(IM F ). Studies o f  solar magnetic fie ld  have revealed that 
these fie lds change sign about every 11/22 year near the lim e 
o f  m axim um  solar ac tiv ity  [6 ]. The abrupt reversal o f  vectors 
fo r annual and semi-annual anisotropy is associated w ith  the 
reversal o f  polarities o f  solar po lar magnetic fie lds [7J. B a ll if  
et al [8J correlated K p  and A p  w ith  the mean fluctuations 
in amplitude o f  IM F , which in turn is related to d iffus ive  
component o f  convection -d iffus ion  theory, A p  is also found 
to be related w ith  solar w ind  ve loc ity , V\ wh ich  is related 
to convective component o f  convection -d iffus ion  theory. 
The sem i-diurnal variations are produced by the d iffus ion  
and convection o f  cosmic rays in the interp lanetary space 
[9 ]. A h luw a lia  f lO ], on the long-term  behaviour o f  the three 
harmonics o f  cosmic ray da ily  varia tion, showed that although 
a high degree o f  year-to-year va ria b ility  exists, a trend w ith
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solar ac tiv ity  is evident. A  sign ificant semi-diurnal variation 
fo r the period 1953-92 has been observed, although its 
amplitude and phase changes from  year-to-year [4 ].
The r ig id ity  spectrum o f  solar semi-diurnal variation o f  
CF< depends on the po la rity  state o f  the Sun’ s polar magnetic 
fie ld , l l  is observed that the spectrum is much depressed in 
the low  r ig id ity  region fo r transition from positive to 
negative po la rity  o f  the solar polo idal magnetic Held (SPM F) 
due to which sudden change o f  configuration o f  semi-diurnal 
vectors arc observed in the year 1979-80 [1 IJ. Fikani and 
A h luw a lia  [1 2 j have shown that the peak in the variational 
spectrum o f  sem i-diurnal anisotropy shifts from  45 Gev near 
solar m in im a to 65 Gev near solar maxima during the period 
1966-87. In the present work, an attempt has been made to 
look into the possible dependence o f  the second harmonic 
o f  da ily  varia tion in CR intensity on quiet days w ith  solar 
cycle and the results arc being discussed in terms o f  the 
find ings carried out by the other groups as well.
2. E x p e rim e n ta l da ta  and analysis
Pressure corrected data o f  Deep R iver neutron m onito ring  
(N M ) station (c u to ff r ig id ity  1.02 G V ; latitude 46. F N ; 
longitude 282.5^' Fi; a ltitude 145 M ) has been Fourier analy.sed 
after applying trend corrections to obtain the second harmonic 
at ground fo r the period 1964-95. A ccord ing  to solar 
geophy.sical data, five  quietest days are selected in a month; 
thus 60 quietest days in a year, fhese arc called International 
Quiet Q uiet days o r QQ days. T he study o f  sem i-diurnal 
variation has been perform ed on 60 QQ fo r the period 1964- 
95. The ju s tifica tio n  fo r the selection o f  on ly geomagnetic 
quiet days fo r the analysis purpose has been discussed 
elsewhere [13 ]. The effect o f  inversion o f  SPMF in the semi­
d iurna l anisotropy has also been performed. The days w ith  
extraord inarily  large am plitude, i f  any, have not been taken 
into  consideration. A lso  a ll those days are discarded having 
more than three continuous hourly  data m issing.
3. Results and discussion
The average annual sem i-diurnal phase <fh (H r, L 1 ); amplitude 
/?2 (% ), re so lve d  com ponen ts  o f  Ri a lo n g  the tw o  
perpendicu lar d irections /.e., 3 H r and 6 Hr, A p  index, on 
60 Q D  fo r Deep R iver neutron m on ito r station and the 
p o la rity  o f  SPM F in the northern hemisphere (N H ) and 
southern hemisphere (S H ) o f  the Sun fo r the period 1964- 
95 have been p lo tted in Figure 1.
It is observable from  Figure 1 that the amplitude, /?2 is 
sm aller during  the years 1976 and 1986 as compared to  its 
preceding tw o  years. The value is small also in 1964. These 
are the periods o f  m in im um  solar ac tiv ity . The am plitude o f  
sem i-d iurna l va ria tion  is found to be proportional to  the solar 
a c tiv ity  [14 ]. Pransky ei a l  [15 ] using ion ization chamber
d a t a  f o r  t h e  p e r i o d  1 9 5 4 - 8 9  o b t a i n e d  s i m i l a r  r e s u l t s  o f  




Fimire 1. I he phase  ^  (Hi. I I). arnplilude R: (®o). Ot Hr com ponen t  (‘’«) 
Ohllr com ponent  (%) at [iriHind of the  annual scmi-d iurndl anisotrops in 
C'R intensi ty and A p - in d c \  on 60 (,)I) plotted a long with SPMf polanl\ 
in NH and SH for the pciu>d 1064'05
o f  m inim um  solar activ ity . They also noticed the decrease 
in amplitude during  magnetic fie ld  inversion o f  the Sun. '1 he 
decrease in amplitude during  solar ac tiv ity  m in im um  can be 
exp la ined  by decrease in regu la r com ponent o f  the 
interplanetary magnetic fie ld intensity. The reason fo r decrease 
in amplitude during  magnetic fie ld  inversion has been 
thought to be due to increase o f  IM F  irregularities originated 
from  solar polar coronal holes. On the contrary, Ahluwalia  
and Fikani [ 16J using the muon telescope data fo r the period 
1966-88 observed increase in the am plitude after the epochs 
o f  SPMF reversal. They also observed the amplitudes to be 
sm aller when the .solar a c tiv ity  is low , which is an agreement 
w ith  the findings o f  Pransky ef al [15).
A h luw a lia  [ 17] computed the mean values o f  the transverse 
partic le  density gradient GV^for the period 1965-90. The sign 
o f  changes w ith  a change in the solar magnetic polarity. 
Its computed annual mean value is positive  fo r qA>0  epochs 
and negative fo r gA < 0 epochs, in accordance w ith  predictions 
o f  the d r ift hypothesis. The magnitude o f  the transverse 
gradient is nearly zero fo r 1973-76, 1981-82 and 1984-85 
but has a larger value during  1977-80. A h lu w a lia  observed 
the high value o f  sem i-diurnal anisotropy during  1972-77 
and low  values fo r the period 1978-80. He suggested that the
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contribution from  the sym m etric transverse gradients to 
semi-diurnal anisotropy appears to be m in im a l and a m ajor 
contribution comes from  p itch angle scattering. A ccord ing  
to Nagashima etal[\ 8 ], the existence o f  a negative symmetric 
gradient enhance the e ffect o f  p itch  angle scattering. G ^has 
large negative value fo r the years 1986-87. 'fhe  present study 
on 60 QQ leads to high values o f  the sem i-diurnal amplitude 
during 1974-75 and 1984 w h ile  values obtained during 1977, 
logo and 1986 are <  0.05. The results are pa rtia lly  in 
agreement w ith  find ings o f  A h luw a lia  [17 ] and Nagashima 
ct a! [18J. Sarabhai and Subramanian [1 ] and Quenby and 
I ictti 119] a ttribu ted the sym m etric la titud ina l gradients fo r 
the o rig in  o f  sem i-d iu rna l anisotropy.
The am plitude increases during  the years 1971, 1979 and 
1991 fo llow ed by the decrease fo r a il the three consecutive 
epochs o f  SPM F inversions. The changes in am plitude are 
sign ificantly high during  the p o la rity  reversal o f  1979-80 and 
1990-91; however, they are less prom inent during  the 
polarity reversal o f  1970-71. On the contrary, A h luw a lia  and 
I ikani [4 ] denied the effect o f  the po la rity  o f  IM F  on semi­
diurnal anisotropy parameters (am plitude as w e ll as d irection), 
riujs, it appears that there are more than one processes 
responsible fo r the changes in the sem i-diurnal anisotropy 
parameters o r any one o f  them may be active at a tim e and 
the other at some other time.
Agrawal [20 ] has pointed out that the am plitude o f  semi­
diurnal as w e ll as Ir i-d iu m a l anisotropies increases during 
1973-75. It has been suggested that such an increase is 
associated w ith  the days o f  high speed solar w ind  streams 
(HSSWS) orig ina ted from  solar po lar coronal holes. Pathak 
ct at [21 ] reported increase in the am plitude o f  sem i-diurnal 
as well as tr i-d iu m a l anisotropy during  the period 1973-75 
by a factor o f  tw o. F ikan i et al [22 ] using the Deep R iver 
NM data fo r 1966-88 observed a broad enhancement in the 
amplitude fo r  the year 1973 through 1976. Bartels [23 ] 
considered A p  to  be a measure o f  the geoeffectiveness o f  the 
solar corpuscular emissions HSSW S. The interaction between 
HSSWS and E a rth ’ s m agnetosphere transfers a v ita l 
in form ation to  the magnetosphere, w h ich  manifests its e lf in 
changes in geom agnetic a c tiv itie s  as m onito red by its 
geomagnetic indices A p  and aa [24 ,25]. A  re la tionship exists 
between A p , HSSW S and the southward component o f  IM F  
[26]. H igh  speed solar w ind  streams occur during  the 
descending phase o f  solar a c tiv ity  cycles 20, 21 near a c tiv ity  
m inima [16 ]. H igh  speed solar w ind  streams dom inate the 
period 1982-85 w h ich  includes the period  when large values 
o f sem i-diurnal am plitude are observed, lu c c i et al [27,28] 
with 33 w e ll defined events o f  HSSW S found that the semi­
diurnal am p litude depends on the E arth ’ s pos ition  inside the 
stream. The present study perform ed on 60 Q Q  leads to  h igh 
value o f  am p litude o f  sem i-d iu rna l anisotropy during  the
years 1974-75 and 1984-85; however, the increase in 
amplitude during 1982-85 is less than that during the years 
1974-75, which is in agreement w ith the findings o f  A h luw a lia  
ancjl F ikani [16 ] fo r solar w ind ve locity. N igam  et al [29 ] 
ha?e observed the semi-diurnal amplitude to be low  during 
19 7 3 , which has been attributed to HSSWS from  the coronal 
hofes, in contradiction to the findings o f  A h luw a lia  and 
Fikani [16].
The amplitude o f  the semi-diurnal varia tion depends 
upifc the prim ary r ig id ity  [1,30,31 ]. The varia tional spectrum 
applicable to sem i-diurnal anisotropy may be represented 
by a double power law, w ith  exponents y\ fo r a range o f  
prim ary rig id ities  R < Rp and ^  fo r R > Rp\ Rp being the 
pedc rig id ity . A h luw a lia  and F ikani [4 ] found y\ = 0.7 ± 0.3 
and yi ~ -0 .4  ± 0.2. The upper c u t-o ff r ig id ity  Rc applicable 
to  sem i-diurnal anisotropy has h igher values near solar 
a c tiv ity  maxima and low  values around solar a c tiv ity  m inima. 
D uring  the epoch when the solar w ind  speed is high (1982- 
85) the value o f  the upper c u t-o ff r ig id ity  is also high. A  close 
correspondence exists between the magnitude o f  IM F  and 
the value o f  Rc and the peak r ig id ity  Rp. Both exhibits the 
solar as w e ll as the hale cycle variation.
The amplitude o f  the sem i-diurnal variation depends on 
the azimuthal d irection o f  a rriva l o f  the particles incident at 
an angle o f  45"" to the zenith; whereas, it  is three times larger 
fo r the particles com ing from  south than fo r those com ing 
from  north [32,33].
A h lu w a lia  [3 4 ] re.solved the annual mean d iu rna l 
anisotropy vector along the tw o rectangular components, one 
is the east-west along 18 H r d irection  and the other is the 
radial component along 12 H r d irection. The am plitude o f  
the radial anisotropy is zero t i l l  1970 and increases sharply 
after polar fie ld  reversal o f  1971. We have extended this 
analysis to sem i-diurnal anisotropy fo r the period 1964-95. 
The sem i-diurnal anisotropy vector has been resolved along 
the tw o perpendicular components in the 03 H r and 06 H r 
directions. I t  is observed that the magnitude o f  03 H r 
component is longer as compared to 06 H r component 
during  the positive po la rity  epoch w h ich  results in sh ifting  
the anisotropy vector towards earlie r hours. However, the 
same does not hold good fo r the positive p o la rity  epoch /.e., 
the magnitude o f  06 H r component is not always found to  
be greater as compared to the 03 H r component.
A ccord ing  to Nagashima et al [35 ], the effect o f  p itch 
angle (a )  scattering on the sem i-d iu rna l an isotropy is 
p roportional to  singer and m axim um  contribu tion  comes 
from  the tw o  d irections in space; nam ely 0330 ± 0020 L T  
and 1530 ± 0020 L T .
The phase o f  the sem i-d iurna l anisotropy has s ign ifican tly  
shifted to  earlie r hour during  1967, 1977, 1981-82 and
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1990-91 and 1995. However, the phase shifted to later hours 
during  1964 and 1986. It is further observable that during 
1965 and 1986 the po la rity  o f  SPMF is negative in N i l ;  
whereas, it is positive during 1976-77 and 1995. Semi­
d iurna l variation has solar cycle dependence and it also 
depends on the po la rity  state o f  the polar magnetic fie ld  o f  
the Sun / e., the variation changes its phase fo r the transition 
o f  the po la rity  state from  positive to negative or vice versa, 
which occurs every epoch o f  maximum solar ac tiv ity  [36].
Nagashima and Fu jim oto  [11] pointed out that semi­
d iurnal harm onic vectors suddenly change their relative 
configuration from  the usual type to another on the harmonic 
dial fo r the po la rity  reversal o f  the polar magnetic fie ld  o f  
the Sun from  positive to negative state, which occurred in 
the period o f  1979-80 and the new type o f  configuration has 
continued fo r a ll the negative state even in the period o f  
m in im um  solar activ ity .
Figure 2 shows the values o f  vector addition p lo t o f  semi­
d iurnal anisotropy on harmonic d ia l fo r the period [964-95. 
1'he phase has s ign ifican tly  shifted to earlier hours during 
1967, 77, 19 8 1-82, 19 9 0 -9 1 and 1995; whereas, it has shown 
a sh ift to later hours during 1964, 79 and 1986.
pola rity  o f  SPMF in N H . For the positive po la rity  o f  SPMf 
in NH  during 1971-79, the vector shows a little  sh ift to early
F ig u r e  2. The  vector addit ion  plots o f  scmi-d iurnal anisotrop> on 60 Q D  
plotted on harmonic  dials  for the period l964-*^5
To examine the dependence o f  phase o f  semi-diurnal 
varia tion, on the basis o f  the po la rity  o f  SPMF in the two 
hemispheres, the period o f  investigation 1964-95 has been 
classified into  tw o  groups, when the po la rity  o f  SPMF in the 
N H  is negative i.e., 1964-70 and 19 8 1-90 and periods o f  
positive  po la rity  in N H  i.e., 1972-79 and 1992-95. The 
average annual sem i-diurnal anisotropy vectors fo r these 
fo u r periods a long w ith  the average annual semi-diurnal 
anisotropy vector fo r  the entire duration are plotted on the 
' harmonic d ia l in  F igure 3. i t  is c learly  observable from  the 
Figure 3 that the average vectors fo r the periods o f  negative 
po la rity  o f  SPM F in  N H  during  the periods 1964-70 and 
1981-90 are sh ifted to  later hours re la tive to  the average 
vector fo r the entire period 1964-95. However, the amplitudes 
o f  these vectors are s ta tis tica lly  the same fo r the negative
F ig u r e  3. *lhe average semi-diurnal anisotropy vectors  on 60  Q D  for the 
negat ive (/ e l% 4 - 7 0  and 1981-QO) and posi tive (/ e 1972-79 and 1992- 
95) SPM F polarity in NH  along with the average anisotropy vectois  toi 
the  entire period {i e  1964-95) plotted on harmonic  dials
hour w ith  an enhanced amplitude; whereas, fo r positi\e  
po la rity  o f  SPMF during 1992-95, the average semi-diurnal 
anisotropy vector shows a large sh ift to early hours a lo n g  
with a decrease in amplitude. Nagashima and Fujim oto [ 11 j 
pointed out the existence o f  po la rity  dependence in the 
r ig id ity  spectrum o f  the semi-diurnal variation. They defined 
the state as positive when the magnetic fie ld  is away from 
the Sun at the north pole and toward the Sun at the south 
pole, w h ile  it is called negative when the polar magnetic 
fields arc reversed. The spectrum o f  sem i-diurnal is reported 
to be hard in negative state than that in the positive state 
Accord ing to the theoretical inve.stigation by Munakata and 
Nagashima [37] and Nagashima et al [36 ], the polarity 
dependence o f  the phase change has been interpreted as a 
result o f  the change o f  the CR density d is tribution  in space 
caused by the difference o fC R  d rift m otion in the positive 
and negative po larity  states.
A  clear dependence o f  the three harmonics on the 
magnetic po la rity  o f  the heliosphere during  the 1970's and 
1990’s when the magnetic po la rity  o f  the heliosphere is 
positive in N H  has been pointed out by M unakata et al [3 8 1. 
The phases o f  the firs t three harmonics s ign ifican tly  shifted 
towards earlier hours than those during 1980’s when the 
po larity  o f  heliosphere is negative in N H . D u ld ig  [39 ] using 
the data from  underground Mawson telescope fo r the period 
1973-89, observed that the solar sem idiurnal varia tion is 
remarkably constant throughout the solar po la rity  reversal o f 
cycle-21, thus confirm ing  that the sem i-diurnal anisotropy 
changes on ly at low  rig id ities  w ith  the solar po la rity  reversal 
but the h igher r ig id ity  spectrum remains constant [11 ].
Potgieter et al [40 ] pointed out that during  the periods 
when northern hemispheric fie ld  points towards the Sun, 
pos itive ly  charged particles w il l  flo w  from  the ecliptic
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towards the solar poles, leading to decrease in intensities o f  
positively charged particles observed near the Harth, and 
liardcning the p rim a iy  spectra o f  particles to which neutron 
monitors respond. W hen the southern hem ispheric Held 
points towards the Sun, particles flo w  towards the ec lip tic  
and near to the Earth intensities are increased and the spectra
,s s o f te n e d .
4. C o n c lu s io n s
f o llow ing conclusions may be drawn from  the present 
investigation :
1 The phase o f  sem i-d iurna l anisotropy shifted to early 
hours in 1967, 1977, 1981-82, 1990-91 and 1995.
2 The am plitude o f  the sem i-diurnal anisotropj decreases 
during  1964, 1976 and 1986 / the periods o f  
m in im um  solar ac tiv ity .
3. The sem i-d iu rna l phase shifted to later hours during 
the negative po la rity  o f  SPN4F in N H ; whereas, it has 
shifted to  early hours during  positive p o la rity  o f  
S j^MF in NM, Since, the sh ift in the phase o f  the semi­
d iu rna l anisotropy towards earlic r/la te r hours has 
been a ttributed to the change in the po la rity  o f  the 
SPM F therefore it may be derived from  here that this 
sh ift is due to the d r ift effects.
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